c Fusarium graminearum (Gibberella zeae) is an important pathogen of wheat, maize, barley, and rice in South Korea, and harvested grain often is contaminated with trichothecenes such as deoxynivalenol and nivalenol. In this study, we examined 568 isolates of F. graminearum collected from maize at eight locations in South Korea. We used amplified fragment length polymorphisms (AFLPs) to identify four lineages (2, 3, 6, and 7); lineage 7 was the most common (75%), followed by lineage 6 (12%), lineage 3 (12%), and lineage 2 (1%). The genetic identity among populations was high (>0.98), and the effective migration rate between locations was higher than that between lineages. Female fertility varied by lineage: all lineage 7 isolates were fertile, while 70%, 26%, and 14% of the isolates in lineages 6, 3, and 2, respectively, were fertile. All lineage 3 and lineage 7 isolates produced deoxynivalenol, whereas most lineage 2 and 6 isolates produced nivalenol. Genotypic diversity in lineage 3 and lineage 6 populations is similar to that found in previously described Korean rice populations, but genotypic diversity in lineage 7 is much lower, even though similar levels of gene flow occur between lineage 7 populations. We conclude that lineage 7 was relatively recently introduced into South Korea, perhaps accompanying imported maize seeds.
F usarium graminearum Schwabe (teleomorph: Gibberella zeae)
is an important pathogen of several cereal crops. It causes seedling blight, brown foot rot, and head blight of wheat, barley, and rice and stalk and ear rots of maize (19) . Head blight and ear rot reduce the yield of grain, and the harvested grain often is contaminated with mycotoxins such as trichothecenes and zearalenone (6) . Cereals contaminated with trichothecenes are associated with feed refusal, vomiting, diarrhea, dermatitis, and hemorrhage in farm animals (6) . Trichothecenes also contribute to the virulence of F. graminearum for host plants (5, 6, 28) .
In South Korea, maize is third in importance to rice and barley and is grown primarily in Gangwon Province, which is located in the middle-eastern part of the country. Although incidents of mycotoxicoses due to consumption of moldy maize have not been reported, we have found that maize samples from this region are heavily contaminated with Fusarium mycotoxins such as trichothecenes, zearalenone, and fumonisins (12, 33) . Fusarium graminearum strains producing either deoxynivalenol (DON) or nivalenol (NIV) are present in the region, but strains producing DON are the most common (12) . An earlier report described Korean populations of F. graminearum with high levels of vegetative self-incompatibility (i.e., isolates that are not vegetatively compatible with themselves) and relatively little genetic variation (23) . This pattern is quite different from that found in the United States (11, 31, 33, 34) and China (9) . Unfortunately, the previous Korean study was limited in scope and lacked both the large number of isolates and the more exhaustive phylogenetic analyses that are commonly found in more recent studies of this topic. Therefore, a more in-depth study was needed to understand the population structure of F. graminearum in South Korea.
The population structure of F. graminearum has been studied in different geographic regions using multilocus molecular markers, including restriction fragment length polymorphisms (9, 13) , amplified fragment length polymorphisms (AFLPs) (31, 44, 45) , and PCR-based random amplified polymorphic DNAs (3, 4) . In most cases, populations of F. graminearum have high levels of genotypic diversity, but populations of F. graminearum from rice in South Korea have relatively low levels of genotypic diversity (14) . As strains in populations from rice are usually members of lineage 6 and those from maize populations members of lineage 7 (14, 18) , the patterns observed in the rice populations may not carry over to the maize populations.
Our objectives in this study were (i) to determine which lineages were present in maize fields in Gangwon Province, (ii) to determine if lineage was correlated with fertility or toxin production, and (iii) to determine if genetic variability was distributed as expected in a sexually reproducing population. A more detailed understanding of the population structure could provide insight into the evolutionary behavior of this organism and guide resistance breeding strategies and plant quarantine regulations.
MATERIALS AND METHODS
Fungal isolates. Diseased maize ears were collected in November 1999 from 40 farmers' fields in eight maize-producing regions in Gangwon Province, South Korea. Seeds with symptoms of Fusarium ear rot were removed from the ears with forceps. One hundred seeds from each field were soaked in 2% sodium hypochlorite for 2 min, rinsed in sterile water, transferred to potato dextrose agar (PDA; Difco Laboratories, Detroit, MI), and incubated at 25°C for 4 to 7 days. Fusarium isolates, which were identified by their carmine-red pigmentation, were transferred to homemade PDA (20% potato extract, 2% dextrose, agar 1.5%) and carnation leaf agar (CLA) (19) and incubated under fluorescent lamps (cool white, 5,000 lx) at 25°C. We recovered 809 isolates, purified them by subculturing single macroconidia, and stored them as spore suspensions in 15% glycerol at Ϫ80°C. Isolates were maintained for short periods of time on slants of PDA as needed. A total of 568 isolates were morphologically identified as F. graminearum based on the characters described by Leslie and Summerell (19) . These isolates were used in AFLP fingerprinting. An additional set of 24 standard isolates previously identified as belonging to F. graminearum lineages 1 to 7, Fusarium pseudograminearum, F. sporotrichioides, F. culmorum, and F. crookwellense (24) served as controls.
Nomenclature. O'Donnell et al. (24) divided F. graminearum into seven phylogenetic lineages using DNA sequences of six single-copy genes, and these seven lineages and four additional lineages were elevated to species status (34) , with at least three additional lineages or species described since (7, 25, 43) . Members of all lineages are cross-fertile with lineage 7 tester strains and in some cases with strains of other lineages (1, 2, 15, 21) , which suggests that all of the lineages belong to a single biological species. In this report we use the lineage numbers rather than proposed names for the phylogenetic species to emphasize the close relationships among the groups. The lineages we identified in this study were given the following names by O'Donnell et al. (26) : lineage 2, F. meridionale; lineage 3, F. boothii; lineage 6, F. asiaticum; and lineage 7, F. graminearum sensu stricto.
DNA isolation. Small pieces of F. graminearum cultures were transferred from PDA to complete medium (CM) broth (19) and incubated on an orbital shaker (150 rpm) for 72 h at 25°C. Mycelia were harvested by filtration through nongauze milk filters, and DNA was extracted with a cetyltrimethylammonium bromide (CTAB) procedure (19) . The concentration of each DNA sample was adjusted to 20 g/ml for the AFLP analyses.
AFLP. AFLPs were generated by the protocol of Vos et al. (40) , as modified by Leslie and Summerell (19) , using the primer pairs EcoϩAA/ MseϩAT, EcoϩCC/MseϩCG, and EcoϩTG/MseϩTT. The EcoRI primers in the final specific amplification reactions were end labeled with [␥-33 P]ATP (Amersham Biosciences Korea Ltd., Seoul, South Korea). AFLP fragments were separated in 6% denaturing polyacrylamide gels (Long Ranger; FMC Scientific, Rockland, ME) in 1ϫ TBE buffer [100 mM Tris base, 100 mM boric acid, and 2 mM EDTA (pH 8.0)]. Dried gels were exposed to X-ray film (Kodak Biomax MS Film, Rochester, NY) for 2 to 5 days at room temperature to identify DNA bands. We manually scored polymorphic AFLP bands ranging from 200 to 1,000 bp in length. We estimated the lengths of the AFLP fragments by comparisons with a lowmass ladder (Life Technologies Inc., Bethesda, MD) DNA standard that also was end labeled with [␥-33 P]ATP. Amplification, cloning, and sequencing of Tri101 and MAT1-1. We arbitrarily selected 101 isolates from the 568 F. graminearum isolates and sequenced two genes, Tri101 and MAT1-1, following PCR amplification (24) . The amplified PCR products were purified with a DNA purification kit (Promega, Madison, WI) and then sequenced directly at the National Instrumentation Center for Environmental Management (NICEM, Seoul National University, Seoul, South Korea) using an ABI377 DNA sequencer (Applied Biosystems Inc., Foster City, CA).
Analyses of AFLP and DNA sequence data. AFLP profiles were scored manually for the presence or absence of bands and compared with designated tester strains of known lineage (24) . We assumed that bands of the same molecular size in different individuals were identical. Each band was treated as a single independent locus with two alleles, and unresolved bands or missing data were scored as ambiguous. We estimated allele frequencies at polymorphic loci, the Nm values (effective migration rates), and the genetic identity among populations by using the shareware program POPGENE, version 1.32 (42; free program available at: http://www .ualberta.ca/ϳfyeh). AFLP haplotypes (putative clones) within populations were identified by analyzing the binary data with the unweighted pair grouping by mathematical average (UPGMA) subroutine of PAUP 4.10b (37) . Bootstrap analyses (1,000 iterations) were conducted on the resulting UPGMA tree to assess the support for any resulting subgroups. We also estimated genotype diversity (Ĝ ) for each population as described by Milgroom (22) and normalized the index for each population by dividing each estimated Ĝ value by the number of genotypes identified from that population.
Fertility tests. Fusarium graminearum is a homothallic fungus, and strains originating from a single conidium can complete the entire life cycle. These strains are termed self-fertile. Strains that are not self-fertile may cross with strains that are female fertile, but this form of "male" fertility was not measured in this study.
Each isolate was inoculated on carrot agar (19) and incubated at 25°C under fluorescent lamps with a 12-h photoperiod. Plates were arranged right side up in a single layer on the incubator shelves. Seven days after inoculation, 1 ml of a sterile 2.5% Tween 60 (Sigma-Aldrich Corp., St. Louis, MO) solution was added to each plate, and aerial mycelia were knocked down with a sterile bent glass rod to induce sexual reproduction. Plates were returned to the incubator for an additional 2 weeks. Perithecia were observed by eye. The presence of asci and ascospores within the perithecia was confirmed in water mounts of squashed perithecia that were observed with a light microscope. The fertility test was repeated three times with three plates of each culture per replicate.
PCR assay of the DON/NIV genotype. PCR primers for determining DON and NIV genotypes-GzTri7/p1, GzTri7/p2, GzTri13/p1, and GzTri13/p2-were derived from the Tri7 and Tri13 genes in the trichothecene biosynthetic gene cluster and used in PCR amplifications of these genes as previously described (16, 17) . Amplified fragments were separated by electrophoresis on 1.2% agarose gels. F. graminearum lineage 7 strain H-11 (DON producer from maize) and lineage 6 strain 88-1 (NIV producer from barley) were used as standards for the two lineages (16) .
Toxin analysis. Erlenmeyer flasks (500 ml), each containing 100 g of rice and 60 ml of distilled water, were autoclaved for 1 h, allowed to cool to room temperature for 24 h, and then autoclaved again. The autoclaved rice was inoculated with mycelial plugs from a rapidly growing fungal culture. Rice cultures were harvested after 3 weeks of incubation at 25°C, and each ground culture (20 g) was extracted with 160 ml of acetonitrilewater (3:1, vol/vol) as previously described (32) . The extract was filtered through Whatman no. 1 filter paper, and 80 ml of the filtrate was defatted with 80 ml of n-hexane and concentrated to dryness. The residue was dissolved in 2 ml of methanol, of which 10 l was spotted on thin-layer chromatography plates coated with silica gel 60 (Merck, Darmstadt, Germany), and the plates were developed with chloroform-methanol (9:1, vol/vol). DON and NIV were visualized by spraying the plates with panisaldehyde-sulfuric acid and heating them at 110°C. For detection of either DON or NIV, standard compounds were purchased from SigmaAldrich (St. Louis, MO).
RESULTS

AFLP analysis.
Three primer pairs resulted in 248 AFLP bands from the 568 Korean isolates, of which 169 (68%) were polymorphic. A UPGMA tree was constructed that contained the 568 field isolates and 24 standard isolates previously described for lineages 1 to 7. Other species, including F. culmorum, F. crookwellense, F. pseudograminearum, and F. sporotrichioides, were significant outliers relative to the F. graminearum strains (Fig. 1) . The isolates clustered into four distinct groups corresponding to lineages 2, 3, 6, and 7. The similarity of Korean lineage 7 isolates to the standard tester isolates for this lineage ranged from 91 to 96% for the lineage 6 isolates, 87 to 95% for the lineage 3 isolates, 85 to 92%, and 87 to 89% for the lineage 2 isolates. Lineage 7 was the most common group (75%), followed by lineages 6 and 3 at 12%, and finally lineage 2 at 1%. Lineage 7 isolates were recovered from all eight sites, lineage 6 isolates from seven of eight sites, lineage 3 isolates from three sites, and lineage 2 isolates from two sites ( Table 1) .
Population structure and genetic diversity. The 568 isolates from the eight populations were assigned to one of 347 unique haplotypes (Table 1) , 270 of which were represented by a single strain and 77 of which were detected more than once. Of the 77 multiply represented haplotypes, 74 were found at only one location and 3 were found in two locations. The largest of the multimember haplotypes contained 19 isolates. The AFLP patterns of the isolates from six populations (those from Jecheon and Gangneung were excluded due to small sample sizes) were used to evaluate population differentiation. Nei's unbiased measures of genetic identity among the six populations were high, ranging from 0.985 to 0.998 (Table 2) , indicating little genetic differentiation. The effective migration rate (Nm) ranged from 9 to 50 among the six populations and 7 to 18 among the six populations when only lineage 7 isolates were considered ( Table 2) . We also pooled isolates from the various lineages and treated them as separate populations to determine the genetic identity between them and the genetic exchange occurring among them. The genetic identity among lineages ranged from 0.803 to 0.837 and the Nm value was 0.3 ( Table 3 ), indicating that gene flow was more limited among lineages than it was between locations.
Genotypic diversity also varied by location. The lowest genotypic diversity (20%) was in the Danyang population and the highest (97%) was in the Jeongseon population (Table 4) . Genotypic diversity within lineages varied by lineage. The lowest genotypic diversity was in lineage 7 (4%), whereas the genotypic diversities of lineages 3 and 6 were 34% and 37%, respectively (Table 4) .
Sequencing of Tri101 and MAT1-1 genes. Tri101 sequences of 1108 nucleotides and MAT1-1 sequences of 1571 nucleotides were (Table 5 ). Most lineage 6 strains and all lineage 2 strains had the NIV-NIV genotype, and all lineage 3 strains had the NIV-DON genotype.
We also assayed the strains chemically to test the accuracy of the predictions made by the PCR assays. Approximately 13% of the strains tested produced neither DON nor NIV. Strains with the DON-DON and NIV-NIV genotypes always produced the predicted trichothecene, if they produced any trichothecenes. The single lineage 6 strain with the DON-NIV genotype produced NIV. All 66 of the lineage 3 strains had the NIV-DON genotype. The majority (41 strains) of these strains produced DON, while the rest produced no detectable trichothecenes (Table 5) .
DISCUSSION
Fusarium graminearum is a complex species with a global distribution that contains a number of phylogenetic lineages. The biological significance of the distinctions between these phylogenetic lineages remains to be elucidated, although there are some general differences in trichothecene production and perhaps in host preference. The Korean populations of F. graminearum are of interest because they contain representatives of multiple phylogenetic lineages and because they occur on hosts that are part of different cropping systems. Rice populations of F. graminearum are dominated by strains belonging to lineage 6 that produce nivalenol in South Korea (14, 18) . Maize populations, primarily from North America or Europe, are dominated by strains belonging to lineage 7 and produce deoxynivalenol (24, 38) . However, recently lineage 6 population was reported in southern Louisiana of the United States (10) .
The strains of F. graminearum we evaluated could generally be associated with one of four existing lineages based on AFLP banding patterns and on DNA sequences of portions of the Tri101 and MAT1-1 loci. Most (75%) of the strains belonged to lineage 7, followed by a similar number (12%) of strains belonging to each of lineages 3 and 6, and a few strains (1%) belonging to lineage 2. This pattern of lineage frequency was unexpected, since lineage 6 usually dominates in Asia (14, 29, 35) . Genetic exchange can occur between the lineages but at only ϳ10% of the rate of exchange that occurs between populations composed solely of strains that belong to lineage 7. Thus, genetic homogenization of the lineages through the production of interlineage hybrids is possible in the field in South Korea, if the hybrids are sufficiently fit to survive.
Interlineage hybrids. Strains resulting from interlineage hybrids are likely to be both rare and difficult to detect. Estimating the frequencies of hybrids between lineage 7 and one of other lineages (7/x) from the data in the present study (Table 1 ) (lineage 7, 74.8%; lineage 6, 12.3%; lineage 3, 11.6%; and lineage 2, 1.2%), then 37.7% (2 ϫ 0.748 ϫ 0.252) of the potential crosses should result from interlineage crosses between a lineage 7 strain and one of the other lineages (and 56.0% from lineage 7 ϫ lineage 7 crosses and 6.2% from the other lineages crossing with one of the other lineages or themselves). Although lineage 6 is more fertile than lineage 7 on rice, lineage 7 isolates usually are the most fertile on maize. If lineage 7 parents are presumed to be the female parents of all of the crosses that occur, then there would be no interlineage crosses between lineages 2, 3, and 6, and only half of the predicted 7/x crosses would occur. In the population, the frequency of 7/x crosses would change from 37.7% to 18.8/(18.8 ϩ 56), or 25.1% of the crosses. These numbers assume that all of the crosses that occur in these populations are outcrosses, which need not be true, since the fungus is homothallic and self-fertile. In F. verticillioides, the proportion of the population outcrossing annually is 1 to 3% of the total population (20) , which suffices to maintain high levels of genotypic diversity. If outcrossing occurs at a similar frequency (8) 30 (7) 9 (8) 8 (9) 0.987 (0.994) Yeongwol 15 (8) 10 (10) 24 (12) 22 (18) 8 (7) a Genetic identity (above the diagonal) and Nm (below the diagonal) values are based on 169 polymorphic AFLP loci. Values are for all lineages from each location; values in parentheses are for lineage 7 isolates only. in G. zeae populations, then 0.025 to 0.075% of the crosses will result from 7/x crosses. Identifying a hybrid isolate also is difficult. To be certain that an isolate is a hybrid, between 25% and 75% of its genome should be the same as that of one of the lineages. Isolates with genomes that are more than 75% similar to one of the parental lineages will probably be scored as members of the lineage rather than as hybrids. With four chromosomes, the proportion of hybrids could be calculated by following approximate chromosome segregation. Initially, most progeny (7/8) of an interlineage cross would be identifiable as hybrids, but their total numbers would be at most 0.02 to 0.065% of the population. To be 95% certain of detecting at least one hybrid strain, between 4,500 (0.065%) and 15,000 (0.2%) isolates must be analyzed. If only lineage 7 strains are available as female parents, then after one generation of outcrossing in this population, the number of hybrids will be reduced by 25%, and by 10 generations the number of hybrids remaining will be Ͻ5% of the original number. If recombination occurs on the chromosomes, then the decay back to lineage 7 will be more rapid than calculated here, as these calculations are based on no recombination within the chromosomes. Thus, identifying hybrid strains in field populations of G. zeae, even if more than one lineage is present at reasonable frequencies, requires the analysis of a very large number of isolates, even if random mating between members of the different lineages occurs.
Korean maize populations. The heterogeneous population structure of F. graminearum from maize may be indicative of the evolutionary history of the pathogen in South Korea. A previous study showed that populations of F. graminearum lineage 6 from rice in South Korea had low levels of genotypic diversity (30 to 58%) (14) compared with populations reported from China (9) and the United States (44, 45) . The genotypic diversity values for the lineage 6 and lineage 3 populations in this study were similar to those of the previously analyzed rice populations from South Korea. However, the genotypic diversity of the lineage 7 population in this study was extremely low (4%), indicating that the structure of the lineage 7 populations is much more clonal than that of other lineages in South Korea. This result is not consistent with the hypothesis that lineage 7 populations are more genotypically diverse because they have higher fertility than other lineages and 
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differs from reports for lineage 7 populations in Argentina (30) and the United States (44) which had much higher levels of genotypic diversity (Ͼ95%). One possible explanation for this unexpected result is that lineage 7 strains were recently introduced to South Korea with maize and rapidly adapted to maize fields, perhaps occupying a niche that might otherwise be filled by strains from lineages 3 or 6. The geographic distribution of lineages in South Korea supports this hypothesis. Maize is a major crop in Gangwon Province, which has allowed lineage 7 strains to dominate the local maize populations. In contrast, lineage 6 dominates in southern provinces of South Korea, because little maize is grown and rice is the major crop available for colonization.
Outcrossing and female fertility. Genetic exchange occurs among lineage 7 populations as frequently as it does between other lineages, even though the lineage 7 populations have relatively high genetic identity and relatively low genotypic diversity. The Nm value among lineage 7 populations was relatively high compared with that of lineage 6 populations from rice in South Korea (14) . This result suggests that outcrossing between different lineages in South Korea is limited under field conditions, perhaps by relative location, even though outcrossing occurs under laboratory conditions (1, 15) .
Ascospores of F. graminearum are thought to be an important factor for the primary infection of wheat (27, 36) , but the relative importance of these spores as inocula in rice and maize systems is not known. We used the production of perithecia and ascospores by cultures growing on carrot agar under laboratory conditions as a means of estimating the fertility of the strains being evaluated, even though lineage 6 strains are known to be more fertile when they are grown on rice than on carrots (14) . Lineage 7 strains in the United States are nearly 100% self-fertile under these conditions, as were the Korean strains of lineage 7 tested for this study. Strains of the other three lineages evaluated in this study were significantly less self-fertile than were the strains of lineage 7. There are several possible explanations for these observations. First, the laboratory tests could underestimate fertility under field conditions, as was hypothesized previously (14) . Alternatively, ascospores and the sexual stage might not be as important in the disease and life cycles of strains belonging to lineages 2, 3 and 6. If ascospores are the inoculum source, then there will be selection pressure for all of the strains to be sexually fertile as females, which in a homothallic fungus such as F. graminearum means that they are self-fertile. If there is significant asexual reproduction and/or dispersal via asexual conidia, then there will be selection for the production of asexual spores, i.e., conidia, and against female fertility (20) . This scenario suggests that ascospores are not essential for the survival of the strains in these three lineages, perhaps because the strains belonging to these lineages use alternative methods to infect the host or to survive the off-season. If the lineage 7 strains are relatively new to South Korea, then selection against female fertility may not yet have progressed to the point of being detectable in the population.
Trichothecene production. Trichothecene production need not be correlated with phylogenetic lineage (41) . In the populations we sampled, all of the lineage 3 and lineage 7 isolates produced deoxynivalenol, and all lineage 2 isolates and all but one lineage 6 isolate produced nivalenol ( (28) , with DON-producing strains being perceived as more virulent than NIVproducing strains (8) . Trichothecene production is not thought to be important in aggressiveness toward rice. Thus, the generally higher level of toxicity of NIV toward microbes and other organisms is probably selected instead and could be the reason that lineage 6 strains from rice in South Korea are primarily NIV producers (14) .
Most (Ͼ90%) of the strains we evaluated from maize produce DON, if they produce any detectable trichothecenes. These results are consistent with the hypothesis that strains pathogenic to maize usually are DON producers. There are at least two possible explanations for our results. One explanation is that selection for DON producers has occurred within the F. graminearum population on maize. Alternatively, the lineage 7 strains, which compose the bulk of the population and are exclusively DON producers, could be a relatively recent introduction from outside South Korea-perhaps from North America. Indeed, most maize seeds for maize production in Gangwon Province are imported from North America. In this scenario, the high level of DON producers could be attributed to fact that North American populations of F. graminearum are nearly exclusively DON producers and the idea that the lineage 7 isolates accompanied maize from North America to South Korea relatively recently. If the population went through a bottleneck in the process of moving across the Pacific Ocean, then the observed relatively low levels of genotypic diversity also can be explained.
In conclusion, our results present a view of populations of F. graminearum from maize that is different from that reported elsewhere. Some of the most important differences include the absence of some lineages and the presence of multiple lineages within the population, the presence of a significant number of strains that produce NIV and not DON, and the relatively low levels of genotypic diversity observed. The similarity of the strains belonging to lineages 3 and 6 to populations already known to occur in South Korea on rice suggests that these strains are of local Korean origin and have drifted to maize. The lineage 7 strains, however, could represent a relatively recent introduction into South Korea. The lack of the detection of this lineage from an extensive survey of strains from rice is consistent with this explanation. The possible hybridization of lineage 7 strains with those from lineages 3 and 6 also may occur here and could provide critical insights into the selection pressures on these genetically isolated lineages when they are found together in a common site. The nonzero value of Nm that results when the lineages are treated as separate populations suggests that such an exchange may have already begun. The speed with which such interbreeding occurs will depend on the relative importance of the sexual stage under the conditions that prevail in South Korea. The relatively high number of self-sterile strains in lineages 3 and 6 suggests that sexual reproduction in these lineages is not as important as it is in lineage 7. If these differences act to reduce the number of non-self perithecia, then they also will act to reduce the amount of interbreeding between the lineages and could slow the interbreeding process even further. Monitoring the F. graminearum populations in this region, whether they are from maize or other hosts, could be critical in assessing the ways in which this pathogen makes evolutionary and economically important responses to changes in host and environment.
